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Abstract. The inelasticity effects in the production of pron pairs n the process yp wew
for real photons are investigated using the partial wave dispersion relabons The
total cross sections for different photon helicities are calenlated, It v observed that
this process is dominated by the »n Linal state interaction. A prediction for 5% (%90
= gy decay width is also made.
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1. Introduction

With the advent of colliding beam experiments, there have been extensive discussions
on hadronic final states in et ¢ colliding beams via two-photon-process (Brodsky
1973, Terazawa 1973). By a two-photon process we mean a process of the type

A N A R B VA (L S N I (1)

in which the colliding particles emit virtual (space-like) photons (y*s), which, in turn,
annihilate producing a final state X, where X may be o lepton state such as ¢ ¢,
p* o, or any positive charge conjugation state, suchas w* w ,m' = 2% o% 5, K+ K,
etc. This proceeds predominantly according to the direct diagram given in figure
1(a). For the dominant part of the cross section, where both leptons scatter i the
near forward directions, the equivalent photons are nearly on the mass-shell and the
hadronic aspects of their interaction are expected to dominate.  The mensurements
of the total cross section o (yy -»hadrons) are of comparable importance to the total
photoabsorption cross section and other hadronic cross section, A study of & specific
channel like

Yy {;}“
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allows a unique probe of the pion Compton amplitude and can determine the -
scattering lengths as also the phase shifts (Carlson et al 1972). 'The behaviour of this
amplitude at high energy and large momentum transfer is an important test of scaling
laws and fixed-pole behaviour, predicted by Quark-Parton models (Walsh 1973,
Feynman 1972).

It is the aim of the present paper to investigate the reaction (2) for real photons
and for both the charged as well as neutral pion production. A partial-wave dis-
persion relation calculation is done to compute the cross-sections for the above pro-
cess when photon helicities are (i) same and (ii) opposite. The details of calculation
are presented in the subsequent sections.

2. Kinematical considerations

The process under consideration is depicted in figure 1(6). We define the invariants
s = (ks + k)* = (g, + ¢,)?
t = (g — k) = (s — ky)?

) u = (g, — )? = (q1 — ky)?, (3)
with '

SH+tdu—=2 | )

€

e

~
ky Ep

Figure 1(b). The process yy—>mr,
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In the centre of mass (c.m.) system where [k;| = [k,| = kand [q,| =[q| == g,
we have
g = (s/4 — 1)U,
s = 4o? = 4k?, 5
t 1—s2+ 5q X,
u=1—s2—Vsqx,
where x = cos 6, 0 being the c.m. scattering angle. Also we have the following rela-
tions amongst the invariants and the scattering angle:
(t—1) (u—1) == 5s*/4 — 5q°x2,
(tu—1) = sq* (1—x2. 6
The amplitude for double pion production for either isoscalar photons or isovector
photons can be written as (Gourdin et al 1960) .
T = NE? gyp &, 7

il

where

B,e
NA» o= %g}l’u — kz k, % T
ky-ky
e kY (=D 1) + 24" ¢! =D+ 2497 (=1} T, @)
It has been shown (Abarbanel et al 1968) that the following amplitudes:

T 1
M= —E"Lf == (T(l)_ (tu—1)) 7@
M,_ = Tie 70 9)
tu—1

are free from kinematic singularities where -- -+ and + — denote photon helicities
same and opposite respectively. The partial wave expansions of these amplitudes
can now be expressed as

My = 2m 2 @+ 1) ff(s) d;fo' (6), (10)
F=0

2 NP
M,_ =2n z @+ 17 (S)i_‘_igo_2 (9.
F=2 o

Since both =+ #~ and #° »° final states have to be considered, the partial wave ampli-
tudes can be decomposed in the isospin space in the following manner:

2 @=(+1VH I @+ VO T (o), (n
20 @) =11V =0 () +(V2[3) 7172 ),

where ¢ and n refer to charged and neutral pions, respectively, Again, the differen-
tial cross-section is given by .

do 1 s—4

R — > T 2 .

0~ 6 N T 12
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In the range of energies considered here, i.e., Vs < 1-4 GeV we assume tha.t only s
and d waves are significant. Thus the explicit forms of the total cross-sections are
given by

of =a{lf2%@+ V222 @)1t +
SI72°@ + v 22 (5[ 2,
o =a{[V2/P2 @) ~s"0 @)1+
SIV2FE2 @ =120 (9)] 5
o = aqt {5200 + VD222 ),
ol = agt {5I V2722 (5) — 120 (5) |3} (13)

in which
o = {s(s—4) }/12.

The matrix elements for the decays S — vy and S—>am, S being a scalar meson
with mass g and positive charge conjugation, are given by

G : k
ey, 613 Ky, 85| S) = 1Y (81 gy — ‘3_1__162___‘%),
m

. kK

(93 G2, I=0] S) = /3 g; _mg. | (14)

The corresponding decay rates can be written as
P(S>vy) = g5, | 167 ms,
L(S>mrr) = 3g;..q | 16m. (15)

From equations (15), assuming Breit-Wigner formula, one can derive the following
result for the decay width (Schierholz et al 1972)

L(S>77) = g5 (mg — 4% my g x Am 1% © (mf) 2. (16)
In the above I stands for the total widh.

3. Dispersion relations and their solutions

The .partial wave dispersion, relations for the interaction under consideration can be
explicitly written down as follows:

jsI ’
Bo=rlo+l [ BRI,

T §'—5
L
1 Im f‘}'i’l(s') )
;Rf Ty | an
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Figure 3. Crossed channel resonance contribution.

Here f %’ iI are the projections of Born terms for charged pion production (figure 2).

In the Born approximation (no strong interactions) the amplitude is e? Nl’;" Elp €2us

where
(2qF—kF) (g4 — k%) n

NEV = — 2ghv ,
B g 29, ky

_ (18)
(2gs—k2) @gh—kt) |

2q, - ky
After a brief calculation, the Born. term contributions come out as
T, = —2e% [ (s?/4 — s5q% x?)

T, = —2¢ sq? (1—x2) | (s2/d—sq® x2). (19)

The left-hand cut is approximated assuming that the dominant contributions are

from the p and w-vector meson exchanges (figure 3). This gives (Schierholz et al
1972, Sundermeyer 1974)

o ) gaA._ AT A)‘/mtﬂf
TV =g Vary G»vra,k’," er AT t%m;’}
E)a By A 89‘6 kz + (ql <~ Q2)a

where A = g;—k,, so that

) — (g2 t(s—u)+1 | u(s—1)+1

() (&7l % e s ; o)
(2) — — (2 1 1 ) |

T |4 (ngy/4) gt——m;’}_*_ u~m12/5 . (21)

We take the vector mesons p and w to be on the «, and o,-trajectories, respectively.
The left-hand cut integral is expressed by the partial wave projections (10) of the
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p and o exchange contributions (21) including a form factor F which has the form
(Schierholz et al 1972)

F=exp{(a (1) — 1) £ (5)) @)
The form of the ¢ —functionis
£ (s) = cosh™® (14(s—4) (9s—4)/32s). (23)

Here it is to be remembered that p contributes to both charged and neutral pion
production while w contributes only to the neutral pion production. Also in the
pry vertex the photon must couple through the isoscalar current, whereas in the
vertex wmy it must couple through the isovector current. The amplitudes corres-

ponding to the vector-meson exchanges are denoted by /- %.i

Now let us consider the right-hand cut. Invoking the basic conservation laws, we
find that the partial waves with odd angular momenta are absent. Also recent -
phase shift analyses by the Berkeley group (Protopopescu et al 1973) and the CERN—
Munich group (Hyams et a/ 1973 and 1975, Grayer et af 1974) show that the
phase shifts are influenced very much by the opening of inelastic channels around
1 GeV. Therefore, we assume inelastic unitarity for the right-hand cut so that we
may write ‘

Im /%! (s) = [(1=7 3 (s) exp (—2i ACY PO 24)

Here 8;, and 7 § are the 7 phase shifts and inelasticities, respectively. Then the
dispersion relations take the form

7w =c% @+

o

1 1— I, A 1., j,I
g T ORCAGENT L O g
4 S — s
where
P ©O=F© + AL . (26)

Taking into account the asympotic behaviour of f ‘;_i_, it is assumed that the disper-

sion relation (25) holds without subtraction*. It is also worth pointing out here
that Frye and Warnock (1963) have argued on the basis of the dominance of single
If\egge trajectory at infinite energy that the limits » 1T and 8 >ner are strongly sugges-
tive by the Regge pole hypothesis, even though one has not quite proved that they

follow from it. Equation, (25) can be solved by the well-known Omneés-Muskhelish-

vili method (Omneés 1958, Muskhelishvili 1953, Jackson 1961). The solution can be
written, as '

fZ;I (5) = Cil ©) + exp(u j] ) y

2im
@ ~FHI,, ol I
€L OV 1o Qi () = 77 () exp (—ul (7))
f P as’, @D
h 17 () (" —s)
* % 4 . .
wlafizenf‘or example Nielsen (1971) for a discussion of the advantages of an unsubtracted dispersion

¥1=0 corresponds 1o the so called black-absorber model (Atkinson 1966).
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in which

A

" JW S E NN
4

. In .@5 (s
v syl ! -, 5 s, (23)
g REEEY N

t{; ("

S

The solution, as determined abane, v unverton up to an arbitrary polynomial P
(the presence of whivh i nsivstation of the welb-hnown CO 2 unbipuity (Cistillejo
et al 1964) whose depree should not be huphier than that alloswed by the exstence of
integral in eq. (25), For onr vaee we niay assume that tus o sdentieadly zero, In
other words, we mithe vur saluton umgue by takmyg the solatin which falls off
rapidly as s =2, Thiv chowe pastlied sinee 1t s been shown that the choice
P 0is capable of producing o reasonable result s an the vase of pron nucleon scatter-
ing and pion photuproduction {Adler 196N, Schwels of wl 1967),

4. Interaction constants

The coupling constants g,,,, and g .o are caleulined from the expernnental values of
the decay widths (Particle Data Group 1974} vz,
Pl -=my) 2 09 MeVoand 1 = o) & (04 MeV,
Correspondingly we have
Fowr ® O 11 and g,,, =~ 0043,
These values approxinutely satisfy the SU (3) relation
foer AU Hour.

For the Regge trajectorien in respect of the p and o mesons we assume the form
w, (1) o dr) 087 {896 1,

where the p trajectory has heen finhen frem o widely aceepted fit to the pion nucleon
charge exchange reactions (Holider ef of 1966).  We mworperate the experimental
values of the isospin zero v and o wave pliase shifts from the dat of the Berkeley
group which finally resolves the ‘up down® ambiguity in fuvour of the ‘down’ solution.
Note that Schierholz er af have on the other hand nuwde use of a purametrization
based on the Breit-Wigner Tormula,  The values of 8,* are taken from Colton et af
(1971).  Also 8,* is taken to be zero sinee all experimental anady ses (Manner 1974)
suggest that it is extremely sull, ut the energies consderad here,

5. Discussion of results and conclusions

With the set of parameters given i the previous section we now present our results
(figures 4-8). At low energies, the results of Lyth and others (Lyth 1971, 1972, Isacv

et al 1972) that the Born terms tpion exchange) give the dominant contribution are
confirmed,
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Figure 4. Cross sections with pion Born terms only.
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Figure 6. Total cross sections for the production of neutral pions when photon
helicities are same.
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Figure 7. Total cross sections for the production of charged pions when
photon helicities are opposite.
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Figure 8. Total cross sections for the production of neutral pions when
photon helicities are opposite.

We observe from figures 5 and 6 that both a_,”_ and a_ﬁ show clear indication of

the production of $* (997) and Sf(1270) mesons. The structure.in ﬁgur.es 7 and 8 is
different, which may be accounted for by the fact that contributing part‘lal wave has
the minimum angular momentum two, in the case when photon helicities are in the
opposite direction (vide egs. (10) and (13)). These bumps evidently havg_comp
from the s and d—partial waves of the 7w System. The bumb at S*-position is
absent in the work of Schierholz et 4] (1972) possibly because of some o.ther para-
metrization of the s-wave phase shift. Hence we conclude that the reaction
VY —>7a

is dominated by the final state s inte

raction. In view of the fact that the existence
of S* meson is often doubted, our

results seem to be valuable and useful.

Writing now,
do _ dn b
d) dQ) dQ
we find
do

dQ ™ 0038 pbat 6 = 90° and Vs = 620 MeV,
to be compared with the only experimental value (Orito ez al 1974) do/dQ) ~ 0-06 ub.
The di i

tion used for the scattering phases (I
Now if we expect that S*
(which is to be confirmed b

saev et al 1973).

-meson can have ap appreciable decay mode to
ecause of its strong coupling to the KK system), then we
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can calculate its decay width into two photons using eq. (16). In this way, taking
[(S*—>am) & 40 MeV, and mg, = 997 MeV we obtain

r(S* —»yy) & 1 keV.
The justification for S* to have an appreciable decay mode to 7 lies in the fact that

the phase space available for the S* meson for its KK decay is about one tenth of the
phase space available for the mm-channel. Pressuming S*-meson as the ‘mostly
octet’ isoscalar meson and £(700) as the ‘mostly singlet’ isoscalar state of a possible
scalar nonet, Conforto (1974) has shown that a choice of e—S* mixing angle of the
order of 37° can give a branching ratio

3k
DS*>mm) _ o475,
r{S*—all)
Combining the anomalous Ward identity for 9A~JP —J», where 0,\ is the trace of

the stress energy momentum tensor and J# is the electromagnetic current, with parti-
ally conserved dilation current (PCDC) via two isoscalar mesons, Eliezer (1975) has
recently estimated the S*->yy decay width. In this way he is led to the result:

I(S*— yy) ~ 02 keV
assuming T(S*—> =m) & 50 MeV and mg* = 980 MeV, comparable to our result,
obtained above.
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Note added in proof

An alternate way to compute the S* — y decay width is as follows:

Using the ¢ bound state description for P waves (Barbieri et a/ 1976 Phys. Lett. B60 183) we can
write

T O >y =0 Gt e Img)|o'p O,

where a = 1/137, e, is the charge of the quark ¢ and |9’ p(0) |2 =0-01 GeV® for the ordinary
quark bound states. If S* is made of X} (e, = — 1/3) and taking m g% = 0-997 GeV, we get -
I‘ (S* -> 'y'y) ~ 2:65 keV.,

The value of | ¢’p (0) | (see Barbieri et al above) is of course much dependant on the choice of the
qg potential.

One of the present authors (TC) is grateful to F M Renard (Montpellier, France) for pointing out
this,
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